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SUMMARY 

Lubricant considerations for rol 1 Ing- element bearings have within the 
last two decades taken on added Importance In the design and operation of 
mechanical systems. The phenomenon which limits the usable life of bearings 
Is rolling element or surface pitting fatigue. The elastohydrodynamlc ( E HO ) 
film thickness which separates the ball or roller surface from those of the 
raceways of the bearing directly affects bearing life. Chemical additives 
added to the lubricant can also significantly affect bearings life and re 1 1 
ability. The Interaction of these physical and chemical effects Is Important 
to the design engineer and user of these systems. Design rrthods and lubricant 
selection for rol 1 Ing element bearings are presented and discussed. 


1N1R0DUC I ION 

In rol ling element bearing application, the lubricant can have a marked 
effect on bearing life and load capacity, figure 1 Illustrates the required 
points of lubricant In a ball bearing. These lubrication points are the cage- 
ball Interface , the cage race Interface and the ball race contracts. 

Most bearing failures occur because of lubricant starvation at these 
points or Improper lubricant selection. This problem becomes more acute with 
high temperature applications. 

A lubricant has four major functions: 

(1) Provide a separating film between rolling and sliding contacting 
surfaces, figure 1, thus preventing wear. 

(2) Act as a coolant to maintain proper bearing temperature. 

(3) Prevent the bearing from being contaminated by dirt and other 
contaminates . 

(4) Prevent corrosion of bearing surfaces. 

Depending on the type of Intervening film and Its thickness, a number of 
lubrication regimes can be Identified. A classical way of depicting some of 
these regimes Is by use of the well known Strlbeck curve (fig. 2). Strlbeck 
performed comprehensive experiments on journal bearings around 1900. He meas 
•' ed the coefficient of friction as a function of load, speed, and temperature, 
i.fe had difficulty, however, condensing this data Into usable form. Some years 
later, Hersey performed similar experiments and devised a plotting format based 
on a dimensionless parameter. The Strlbeck curve, or more appropriately, the 


«li b 2 k ;!! er$ ! y CU ^ e ' 5 akes the form 0f the coeff ^1ent of friction as a func 
tlon of the viscosity of the liquid (Z), velocity (N), and load (P) parameter, 


At high values of ZN/P which occur at high speeds, low loads, and at high 
? u ' fac ? s a ™ completely separated by a thick (>0.25 v m) 
h 10 lubricant film. This area Is that of hydrodynamic lubrication 

where friction Is determined by the rheology of the lubricant. For noncon- 
formal concentrated contacts where loads are high enough to cause elastic 

sur ( aces and pressure-viscosity effects on the lubricant, 
f?2i h elastohydrodynamlc lubrication ( EHD) , can be Identl- 

to^O-^ln*) 1 * re9lme f1 m th1ckness ( h ) may r ange form 0.025 to 2.5 pm (10-& 

As thickness becomes progressively thinner, surface Interactions start 
taking place. This regime of Increasing friction, which combines asperity 

regime 1 tl0nS 30(1 flu1d f11m effects * referred to as the mixed lubrication 

Finally, at low values of the ZN/P parameter, one enters the realm of 
boundary lubrication. This regime Is characterized by the following: 

(1) This regime Is highly complex. Involving metallurgy, surface topo- 
k1net1cs PhySlCal ^ Chem1cal adsorption, corrosion, catalysis, and reaction 

(2) The most Important aspect of this regime Is the formation of protec 
tlve surface films to minimize wear and surface damage. 

t .. i 3 * . The format1on of these films Is governed by the chemistry of the 

factors™^ d9ent ’ aS Wel1 3S the Surface of the sol1d and other environmental 


fh , (4 > |he effectiveness of these films In minimizing wear Is determined by 
lHh! r i PhyS J5? P^Pertles, which Include shear strength, thickness, surface 
solubility** m COhes on ’ me l ting point or decomposition temperature, and 

nlnt ®* SldeS th t Str1be ‘ k Her «y curve (fig. 2) already described, an Idealized 
‘ “ r ra e as a function of relative load can also delineate the various 

lubrication regimes and some wear transitions (fig. 3). 

Region OA of figure 3 encompasses the regimes of hydrodynamic and EHO 
lubrication, the latter as point A Is approached. Since no surface Inter- 
actions occur In this region except for startup or shutdown, little or no wear 
?^ r ; n . (lh ’j exc ud ®s rolling-element fatigue, which can occur without sur- 

snf! ° raCt Re ^ on Ax 1s the mixed lubrication regime where surface 

interactions begin to occur at A and become more prevalent as point X Is 
approached. Wear Is low because fluid film effects still exist. 

i k ther ® ^ Is region XY In figure 3, which Is the region of boundary 

lubrication The degree of metal- to-metal contact and the wear rate Increase 

B aJd e adhiMp C f ea fh S ' ] S r,l11d and tends t0 be corros1we to the left of 

B and adhesive to the right of B. The location of B Is quite variable and 

depends on the corrosivity of the lubricant formulation. For a noncorrosive 
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lubricant, adhesive wear can occur at X. On the other hand, a corrosive addi- 
tive can extend the boundary regime to Z' before boundary film failure occurs. 
Region YZ Is the regime of severe wear where severe adhesion and scoring occur. 
Machinery cannot operate successfully In this region, and, therefore, the loca- 
tion of this transition point Is quite Important. At point Z total surface 
failure occurs, followed by seizure. 

In the boundary lubrication regime many properties of t.ie liquid lubricant 
become Important. These Include shear strength, film thickness, melting point, 
and chemical reactivity with the surface. Operating variables which will affect 
lubricant film-performance Include load, speed, temperature, and atmo phere, as 
already discussed. Additives present In the lubricant to serve specific func- 
tions will also affect behavior. These additives Include antiwear, antifoam, 
antioxidants, viscosity Improvers, and others. 


SYMBOLS 

a contact ellipse radius transverse to rolling direction, m (In.) 

b contact ellipse radius In rolling direction, m (In.) 

0 ball or roller diameter, m (In.) 

d Inner ring track diameter, m (In.) 

E modulus of elasticity parameter, N/m2 ( ps 1 ) 

E' material elasticity parameter, N/m2 ( ps 1 ) 
f conformity 

G dimensionless EHD materials parameter 

H c dimensionless central EHD film thickness 

Hmln dimensionless minimum EHD film thickness 

h c central EHD film thickness, m (In.) 

hmln minimum EHD film thickness, m (In.) 

k contact ellipse ratio, a/b 

N speed 

P dimensionless pressure 

p bearing pitch diameter, p * d ♦ 0, m (In.) 
p 1 pressure, N/m2 ( ps 1 ) 

Q normal force, N (lb) 
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R a ,R b rolling radius, n (In.) 

Rx equivalent radius In rolling direction, m (In.) 

Ry equivalent radius transverse to rolling direction, m (In.) 

r radius of body, m (In.) 

U average surface velocity In x direction, m/sec (In. /sec) 

Uo dimensionless EHD speed parameter 

ua.ub surface velocity of body In x direction, m/sec 
W dimensionless EHD load parameter 

x rolling direction coordinate 

y transverse direction coordinates 

Z viscosity 

a p pressure- viscosity coefficient, m 2 /N (psl- 1 ) 

6 contact angle, deg 

n 0 absolute viscosity of fluid at ambient pressure N sec/m2 

( lb sec/in. 2) 

X ratio of film thickness to composite roughness 

E Poisson's ratio 

p Inverse curvature sum, m-1 ( 1 n . -1 ) 

a composite surface roughness, m (In.) 

o A ,o0 surface roughness of body, m (In.) 

angular rotation velocity, rad/sec 
Subscripts : 

A.B elastic bodies 

c cage 

1 Inner race 

o outer race 

x,y reference planes 

1 ,2 bodies 1 and 2 
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ELASTOHYDROOYNAMICS LUBRICATION 

Most rolling-element bearings have between their rolling elements and 

^tl^S yS ?M el J St ??? d r y r 1C f11m separat1n 9 the contacting bodies during 
motion. This Is Illustrated for the rollers of figure 4, whose surfaces shown 

bv ! h Mohi ar9ed Vlew ? f the contact are not In direct contact but are separated 
by a highly compressed, extremely thin lubricant film. Because of the high 

th * contact 20ne the lubrication process Is accompanledbysLe 
elastic deformation of the contact surface shown In figure 5. for this reason 

a™ng P the e f1r!t to 1d^?u° «. ela ? toh y drod y nami c (EHO) lubricant. Grubln was’ 
lUhlirafL/ 1 Identify this phenomenon, which also occurs for other oll- 

s1onle«^ili Jh'?!«"I Ch1n I e]emenU such as 9 ears - Contour plots for a dlmen- 
plate f1 th,ckness and Pressure are shown In figure 6 for a ball on a flat 

cun haV * d ?i; 1ved 3 s1mpl1f1ed approach to calculating the 

fig f 5 ) th1ckness - The y P^vlde dimensionless groupings as follows (refer to 

dimensionless minimum film thickness: 


min 


min 


(1) 


thickness^* ** ^ lra ’ H " 9 ed9e of the contac '- dimensionless central film 


H c -r 

x 


( 2 ) 


which Is the average film thickness across the entire contact. The equivalent 
radius In the rolling direction R x Is given by equivalent 


1 . _L f _1 

R„ r. 


'* r A, x r B, x (3) 

found^f rom thC 6qu1va1ent rad1us transverse to the rolling direction can be 


f -- 


y r A,y r B,y 


dimensionless speed parameter: 


( 4 ) 


d E'R. 


( 5 ) 


t>. 
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where the average surface speed of bodies A and B Is 


U A * U B 


and where the reduced modulus of elasticity Is 


n-jl ljT 

p * ^ 


Dimensionless load parameter: 


B 


_a_ 

£'R„ 


Dimensionless materials parameter: 


G = a E' 
P 


Contact ellipse ratio: 


k 



(6) 


(7) 


( 8 ) 


(9) 


( 10 ) 


where a and ^ are the radii of the contact ellipse, with radius a 
oriented perpendicular to the rolling direction x. 

Referring to equations (3) and (4) the equivalent radii for roller and 
ball bearings are given In figure 7. Also, from this figure, the entrainment 
velocity or average surface speed U at the Inner and outer raceway contact 
can be derived for equation (5) where for a bearing Inner race 



and at the outer race 


U 


( tL <r L )("° ' “>) 


(ID 


Since for most applications the outer raceway does not rotate and equal 
0, then 0 


U 


1 


u 0 = u 


(12) 


The conventional method of calculating the contact ellipse ratio Is to 
flno a solution to a transcendental equation that relates the ellipse ratio and 
the elliptic Integrals of the first and second kinds to the geometry of the 
contacting solids. This Is usually accomplished by some Iterative numerical 
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procedure. The following simple expression for k, which eliminates the neces- 
sity for that procedure, was derived by Brewe and Hamrock: 



(13) 


for 0.01 ^ Ry/Rg £ 100, 

The approximate solution of the ellipse ratio as obtained from equation (13) 
is within 3 percent of the exact solution for k between 0.056 and IB. For 
Ky/Rx greater than unity the major diameter of the contact ellipse will be 
oriented perpendicular to the rolling direction. 

The Influence of k and the dimensionless speed Uo, load W, and mate- 
rials 6 parameters on the minimum and central film thicknesses was Investi- 
gated theoretically for the viscous-elastic regime by Hamrock and Dowson. The 
ellipse ratio was varied from 1 to 8, the dimensionless speed parameter was 
varied over nearly two orders of magnitude, and the dimensionless load param- 
eter was varied over one order of magnitude. Conditions corresponding to the 
use of solid materials of bronze, steel, and silicon nitride and lubricants of 
paraffinic and naphthenic oils were considered In obtaining the exponent on 
the dimensionless materials parameter. Thirty-four cases were used In obtain- 
ing the following dimensionless mlnlmum-fllm-thlckness formula: 


min 


= 3.63 U^V 'V 0 073 (, - e-°- 68k ) 


(14) 


For pure cylindrical roller contact (l.e., line contact) k = w and the term 
In the parentheses In equation (14) equals 1. 

The procedure used to obtain the central film thickness Is the same as 
that used to obtain the minimum film thickness and results In the following 
formula: 


H . 2.69 U ?- 6J G 0 - 5 V 0 067 
c D 


(1 - 0.61 e '°‘ 73k ) 


(15) 


The measure of the effectiveness of the lubricant film Is the "lambda" (x) 
ratio (l.e., h c /o, central film thickness divided by the composite surface 
roughness of the rolling-element surfaces). Usually the root-mean- square (rms) 
surface finishes of the contacting bodies oa and ob are used to determine 
the composite surface roughness as follows: 

2 2 1/2 

O * ♦ Op) (16) 

The x ratio can be used as an Indicator of rolling- element performance 
and life. For x < 1, surface smearing or deformation, accompanied by wear, 
will occur on the rolling surface. For 1 < x < 1.5, surface distress may be 
accompanied by superficial surface pitting. For 1.5 < X < 3, some surface 
glazing can occur with eventual roller failure caused by classical subsurface- 
originated rolling-element fatigue. Figure 8 shows the effect of X on 
rolling-element fatigue life. At X > 3, minimal wear can be expected with 
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extremely long life; failure will eventually be by classical subsurface- 
originated rolling-element fatigue. The most expedient, although not the least 

expensive, way of attaining high x ratio Is to select a high-quality surface 
finish. 


BOUNDARY LUBRICATION 

Extreme-pressure and antiwear additives In the lubricating fluid form a 
lm °JJ th ® surfaces by a chemical reaction, absorption, or chemisorption. 

wh!!. b !S? d i ry II 1ms C A n . be th1nner than 0 025 n ^".) or several micro- 
inches thick. These films are formed from the chemical reaction of sulfur or 

from the chemisorption of Iron stearate. Film thickness varies for various 
types of film. The films can separate the metal surfaces when the END film 
becomes thin enough for the asperities to Interact. The boundary film probably 
lubricates by mlcroasperlty-elastohydrodynamlc lubrication, where the asperi- 
ties deform under the load. The boundary film prevents contact of the aperl- 
ties and at the same time provides low- shear- strength properties that prevent 
shearing of the metal and reduce the friction coefficient below that of the 
base meta 1 . These boundary films provide lubrication at different temperature 
eondUlons depending on the materials used. For example, some boundary films 
will melt at a lower temperature than others and will then fall to protect the 
surfaces. The "failure temperature" Is the temperature at which the lubricant 
film falls. In extreme-pressure lubrication this failure temperature Is the 
temperature at which the boundary film melts. 

The melting point or thermal stability of surface films appears to be a 
unifying physical property governing failure temperature for a wide range of 
materials . It Is based on the observation that only a solid film can properly 
Interfere with potential asperity contacts. For this reason many extreme- 
pressure lubricants contain more than one chemical for protection over a wide 
temperature range. For Instance, Borsoff found that phosphorous compounds are 
superior to chlorine and sulfur at slow speeds, but sulfur Is superior at high 

He exp ! a1ns th1s as a result of the Increased surface temperature at 
the higher speeds. (Most extreme-pressure additives are chemically reactive 
and Increase their chemical activity as temperature Is Increased.) Horllck 
found that some metals such as zinc and copper have to be removed from lubric- 
ation systems when using certain extreme- pressure additives. 

There Is strong Indication that at X ratios less then 11/2, boundary 
films can affect the resultant fatigue life of rolling surfaces. Rolllng- 

were performed by the author and his colleagues In the 

? ^ M C '? a M 3t 9U ! f eSter w1th an ac ^~ treated white oil containing either 
2.5 percent sulfurlzed terpene, 1 percent dldoderyl phosphite or 5 percent 

C ll?r! nated wax ‘ WUh the exreP^on of the chlorinated wax additive, these 
additives shewed essentially no statistical differences between the lives using 
the base oil with the additive and those without the additive. The presence of 

the chlorinated wax produced surface distress and a significant reduction In 
lire. 


The additives ust 1 the base oil did not change the life ranking of the 

° 9 S l! e V n those sts where rolling- element fatigue was of subsurface 

origin. That Is, regardless of the additive content of the lubricant, the 
lives of the three bearing steels tested ranked In descending order as follows* 
A SI 52100, AISI M- 50, AISI 1018. Recent published work by the authors and his 
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collegues showed that with spur gears, where x Is approximately 1, the 
presence of a phosphorous-type load carrying additive In the lubricant produced 
a significant Improvement In life over lubricants without this type of addi- 
tive. The presence of a sulphus type antiwear additive also showed an Improve- 
ment In life. However, this Improvement was not considered statistically 
significant. 

The presence of the antiwear and extreme-pressure additive to lubricant 
rolling-element bearings Is extremely Important especially under heavily 
loaded, high-speed, high-temperature conditions. These additives protect the 
contacting surface from wear and surface distress even under favorable EHO 
lubrication conditions In raceway contacts. In many cases, boundary lubrica- 
tion Is dominant between the cage and ball (roller) contact and the cage-race 
contact (see fig. 1). Without the additive forming a boundary film, gross 
wear can occur. 


LUBRICANT SELECTION 

The useful bulk temperature limits of several classes of fluid lubricants 
In an oxidative environment are given In table I. Grease lubricants are listed 
In Table II. The heat transfer requirements of bearings dictate whether a 
grease lubricant can be used. Grease lubrication permits the use of simplified 
housing and seals. 

The most commonly used lubricant Is mineral oil, both In liquid and grease 
form table III. As a liquid, mineral oil usually contains an antiwear or 
extreme-pressure (EP) additive, an antifoam agent, and an oxidation Inhibitor. 

In grease the antifoam agent Is not required. 

Synthetic lubricants have been developed to overcome some of the harmful 
effects of lubricant oxidation. However, synthetic lubricants should not be 
selected over readily available and Invariably less-expensive mineral oils If 
operating conditions do not require them. It Is usually easier to Incorporate 
synthetic lubricants In a new design than to convert an existing machine to 
their use. 

The selection of a lubricant Is not always Independent of the application. 
Hence, very little can be done once the machine Is In the field. However, 
where choice can be made, the designer or the person selecting the lubricant 
should consider the anticipated operating temperature of the bearings. In mosx 
cases, the lubricants heat transfer and rheloglcal properties will affect this 
temperature. However, a first order estimate can be made and the selection can 
be made on the lubricants limiting temperature. Once, the chemical type has 
been selected, lubricant viscosity should bo a consideration. Table III gives 
comparative viscosities for various numerical oil classifications. Knowing the 
viscosity at the bearing temperature and the pressure viscosity coefficient of 
the selected lubricant (table IV give representative values of pressure- 
viscosity coefficient a p ) the EHO film thickness can be calculated together 
with the film parameter x and realtlve bearing life. Where there are too low 
values of X or life, consideration may be given to either lowering bearing 
temperature, Increasing bulk lubricant viscosity and/or changing lubricant type. 
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LUBRICANT AOOITIVE SELECTION 


Unlike the lubricant, It Is almost Impossible to Independently select a 
lubricant additive package from a given lubricant brand. While the lubricant 
chemical type Is known, generally the additives contained therein are proprie- 
tary to the manufacturer. Unless, there Is economic Incentive for the manu- 
facturer to blend an additive package for a given use, the machine designer Is 
locked Into what Is currently In the market place. Probably no two lubricant 
manufacturers supply the same additive package even though supplying the same 
base stock. Hence, the major difference between brands x and y will be 
the additives contained therein. 

Some of the extreme-pressure additives commonly used contain one or more 
compounds of chlorine, phosphorus, or sulfur or lead soaps. Many chlorine- 
containing compounds have been suggested as extreme-pressure additives, but 
few have actually been used. Some lubricants are made with chlorine-containing 
molecules where the CI 3 -C linkage Is used. For example, either trl (trl- 
chloroethyl) or trl (trlchlortert butyl) phosphate additives have shown high 
load-carrying capacity. Other chlorine-containing additives are chlorinated 
paraffin or petroleum waxes and hexachlorethene. 

The phosphorus- containing compounds are perhaps the most commonly used 
additives for oils. Some aircraft lubricants have 3 to 5 percent trlcresyl 
phosphate or tributyl phosphite as either an extreme- pressure or antiwear agent. 
Other phosphorous-containing extreme-pressure agents used In percentages of 0.1 
to 2.0 could be dodecyl dihydrogen phosphate, delthyl-dlbutyl- , or dlcresyl- 
phenyl trUhioroethyl phosphite and a phosphate ester containing a pentachloro- 
phenyl radical. Most of the phosphorous compounds In oils also have other 
active elements. 

The sulfur-contalnlrg extreme-pressure additives are believed to form 
Iron sulfide films that prevent wear at high loads and speeds. However, they 
give higher friction coefficients and are therefore usually supplemented by 
other boundary-f 1 lm-formlng Ingredients that reduce friction. The sulfur com- 
pounds should have controlled chemical activity (e.g., oils containing dibenzyl 
disulfide of 0.1 or more percent). Other sulfur-containing extreme-pressure 
additives are diamyl d'sulflde, dllauryl disulfide, sulfurlzed oleic acid and 
sperm oil mixtures, and dlbutylxanthlc acid disulfide. 

Lead soaps have been used In lubricants for many years. They resist tit 
sliding action In bearings and help prevent corrosion of steel In the presence 
of water. Some of the lead soaps used In lubricants are lead oleate, lead 
flshate, iead-12-hydroxystr.arate, and lead naphthenate. Lead naptithenate Is 
used most often used because of Its solubility. Lead soaps are used In concen 
tratlons of 5 to 30 percent. 

Other additive compounds contain combinations of these elements. Most 
extreme-pressure lubricants contain more than one extreme-pressure additive. 
Needless to say, the selection of a proper extreme-pressure additive Is a com- 
plicated process. The word "susceptibility" Is frequently used with reference 
to additives In oils to Indicate the ability of the oil to accept the additive 
without deleterious effects. Such properties as solubility, volatility, sta- 
bility, compatibility, load-carrying capacity, and cost must be considered. 

Many oil compounds depend on the use of proprietary, or package, extreme- 
pressure additives, as a result, the lubricant manufacturer does not evaluate 
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the additives' effectiveness. Because of this, any selection of extreme- 

thelr U Iff^+! t1VeS S ?° Uld b ? suppor ‘ ed b y an evaluation program to determine 
their effectiveness for a given application. 


CONCLUSION 

__ ° f ! 1 V b r icant for a rolling-element bearing application Is 

dictates thlt a h 0 ^%Sf S a \ 2 n ?K de J l9n ; In fact ’ 900d en 9^ nee r1ng practice 
nr^ffn f hat . bot 5 he d es1gn of the bearing and lubricant selection be Inte- 

nc br1 S? nt t ? pe J h ? uld be se1 ected based upon lubricant temperature 
limitations. Mineral oil type lubricants should be selected over the synthetic 
Wh6r \^ temperatures permit. Elastohydrodynamlc ( EHD) lubrication 
f I ii h i Ck !I eSS should be calculated. Effects of the EHD film on bearing life 
* bo ^ d b * det * rm \™ 6 - Additive selection while not always specifiable, should 
be considered and test programs Initiated where boundary lubrication Is antlc- 
^ pa ^® d> .^ 00d r °l Ung-element bearing lubrication practice is not "off-the- 
shelf" oil can application. 
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Figure 2.- Coefficient of friction as 

PARAMETER (STR I BECK*HERSE Y CURVE). 
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Figure 5.- Wear rate as a function of relative load 

DEPICTING VARIOUS REGIMES OF LUBRICATION. 
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(B) FILM THICKNESS. 

Figure 6.- Contour plots of dimensionless pressure 
film THICKNESS, k = 1.25; U = 0. 168x10“ 1 1 ; 

W = O.lllxlO -6 ; G = <1522. 
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